We provide a taxonomy of dynamical supersymmetry breaking theories, and discuss the cosmological implications of the various types of models. Models in which supersymmetry breaking is produced by chiral superfields which only have interactions of gravitational strength (e.g. string theory moduli) are inconsistent with standard big bang nucleosynthesis unless the gravitino mass is greater than O(3) × 10 4 GeV. This problem cannot be solved by inflation. Models in which supersymmetry is dynamically broken by renormalizable interactions in flat space have no such cosmological problems. Supersymmetry can be broken either in a hidden or the visible sector. However hidden sector models suffer from several naturalness problems and have difficulties in producing an acceptably large gluino mass.
Introduction
From a practical point of view, the primary allure of supersymmetric field theories lies in their promise to solve the gauge hierarchy problem. Supersymmetry succeeds in explaining why M W /M P is not O(1) by eliminating all quadratic divergences. However, an explanation for the observed value M W /M P = 10 −17 cannot be furnished by supersymmetry itself, but only by some theory for dynamical supersymmetry breaking, in which the scale of the weak interactions arises from the Planck scale and dimensionless coupling constants through dimensional transmutation [1] [2] [3] [4] . In dynamical supersymmetry (SUSY) breakdown scenarios, SUSY is unbroken to all orders in perturbation theory but broken by nonperturbative effects proportional to e −a/g 2 , where a is a number of order 4π 2 and g is a gauge coupling constant. At present, there does not exist a unique compelling scenario for dynamical supersymmetry breaking which is compatible with standard particle phenomenology, and so our present understanding of the supersymmetric resolution of the hierarchy problem is incomplete. The purpose of the present paper is not to resolve this problem, but to delineate the options for dynamical supersymmetry breaking and to
show that there are strong cosmological constraints on scenarios in which supersymmetry breaking vanishes in the limit in which the Planck mass is taken to infinity with some "intermediate" scale fixed. For instance, all scenarios based on gaugino condensation in a hidden sector [5] are of this type, as are all models where supersymmetry breaking is driven by F terms of string theory moduli.
We wish to provide a taxonomy of dynamical SUSY breaking models in which the only explicit mass scale is the Planck scale. They must explain the M W /M P hierarchy, and be consistent with low energy phenomenology (including a small or vanishing cosmological constant, achieved through fine-tuning). The task is complicated by there being
few completely generic features to analyze. The only feature apparently common to all models of dynamical SUSY breaking is the existence of an R symmetry which is either exact or nearly exact just above the scale of SUSY breaking, and which is spontaneously broken. This is not a theorem, but no known counter-examples exist [4] , and there does exist an argument that generic theories without a continuous R symmetry will not dynamically break supersymmetry [6] . If R symmetry is exact, however, then it is impossible to add a constant to the superpotential to fine tune the cosmological constant. Thus viable dynamical SUSY breaking models must have a spontaneously broken, approximate R symmetry. This results in a pseudo Nambu-Goldstone boson-the R-axion-which can cause phenomenological or cosmological problems which must be addressed.
To proceed further it is useful to distinguish between Visible Sector (VS) models of dynamical SUSY breaking-in which Planck scale physics plays no role-and Hidden Sector (HS) models which make use of nonrenormalizable operators suppressed by powers of M P . In VS models [7] the fields whose auxiliary components are responsible for the primary breaking of SUSY have renormalizable interactions with the fields of the standard model. In extant examples the SUSY breaking sector contains fields which transform nontrivially under SU (3) ×SU (2) ×U (1), and these gauge symmetries communicate SUSY breaking to the low energy world. Such models have several attractive features. They do not depend on Planck scale physics, and, modulo computational difficulties involved in solving the strongly coupled SUSY breaking sector, they give complete predictions for the parameters of the supersymmetric standard model (SSM). In particular, since SUSY breaking is communicated to the standard model via gauge interactions, squarks are automatically nearly degenerate, and there are no problems with flavor changing neutral currents. Finally, gauginos have relatively large, phenomenologically acceptable masses.
Known viable VS models have a rather complicated structure which is necessary to
give the unwanted R-axion a sufficiently large mass to be compatible with bounds from experiment and astrophysical observations. Furthermore, in existing VS models, the SUSY breaking vacuum is only metastable.
In HS models, the SUSY breaking sector communicates with the standard model only via nonrenormalizable interactions suppressed by powers of M P . Among these there is a further dichotomy: the HS may break SUSY and have a stable vacuum in flat space and only require nonrenormalizable operators to communicate SUSY breaking to the visible world; or SUSY breaking may itself arise from Planck scale nonrenormalizable interactions.
The former models, where SUSY breaking occurs due to renormalizable couplings, we denote RHS, while models which require nonrenormalizable operators for SUSY breaking are referred to as NRHS models.
In section II of this paper we study NRHS models. It is not clear whether there are any explicit examples of models of this class which really have stable SUSY breaking vacua. The "racetrack" models [8] represent the state of the art. Our analysis assumes the existence of such a vacuum, and the phenomenological requirement (discussed below) that singlet F terms be generated, but no other specific features of gaugino condensation models.
We first analyze the relation between the scales of breaking of supersymmetry and R symmetry, and argue that the latter must be higher than the former if the cosmological constant is to vanish. In fact, the scaling is precisely right if we assume that the strong dynamics at the intermediate scale M R (the SUSY breaking scale is M S ∼ M 3 R /M P ) spontaneously breaks all R symmetries down to at most a Z 2 "R-parity". This is an aesthetic argument in favor of NRHS models. In theories for which there is a larger R symmetry down to a scale which is below M P , the cosmological constant cannot be set to zero even by fine tuning.
We find however that there is a very general cosmological constraint on NRHS models, which is very hard to satisfy. We argue that such models typically contain particles, including the R-axion, with masses of order 1 TeV and couplings proportional to 1/M P .
Under quite general assumptions, this field dominates the energy density of the universe until the time when the energy density is ∼ (10 −2 MeV) 4 . The baryons and radiation that populate the universe today cannot be produced until after this epoch. Consequently, a model incorporating such particles is not compatible with the standard theory of primordial nucleosynthesis. It is also likely to be incompatible with a reasonable theory of structure formation in the universe. Therefore we conclude that our present conceptions of early cosmology rule out all NRHS models.
The problems we point out in NRHS models are essentially the same as the problems [9] with the Polonyi field in the earliest hidden sector models [10] . In that context it has been suggested that the problem can be resolved by raising the gravitino and scalar masses well above the weak scale [11, 12] . In our effective Lagrangian analysis, the only mechanism available for raising the masses of the dangerous scalar fields is to make the dimensionless coefficients of certain nonrenormalizable couplings very large. The general rules of effective field theory suggest that the real meaning of large dimensionless coefficients is the breakdown of effective field theory at a scale lower than one had originally assumed. In other words, it suggests that the physics responsible for SUSY breaking is operative at a scale below the Planck mass and that we are not really dealing with a NRHS model at all.
We conclude Section III by pointing out that string theory is replete with particles that may suffer from cosmological problems of the type we have discussed here. These are the moduli fields, which exist in all (2, 2) string vacua, and all known (2, 0) models. We conclude that either one must find string vacuum states without moduli, or that strong interactions at a scale of 10 15 GeV or greater must give mass to the moduli fields. Since this is well above the scale of SUSY breaking (with any conjectured mechanism) we conclude that nonperturbative effects not associated with SUSY breaking must be an important part of the stringy description of the world.
After discussing the cosmological problems of NRHS models, in Section III we show that it is possible to construct viable RHS models-hidden sector models with flat space SUSY breaking. We note however that, assuming a minimal spectrum in the visible sector, any such theory which also allows gauginos to get weak scale masses will have to invoke "supernaturalness": certain terms in the superpotential which are not forbidden by any symmetry must be assumed absent. String theoretic vacuum states often contain "stringy symmetries" 1 which guarantee the absence of some superpotential terms at tree level.
Supersymmetric nonrenormalization theorems then imply that these terms are absent to all orders in perturbation theory.
We conclude that if our cosmological constraints cannot be evaded, there are only two known viable scenarios of dynamical SUSY breaking: the VS and RHS models. Both require the existence of a strongly coupled theory which breaks SUSY in flat space. The two mechanisms differ in the medium via which SUSY breaking is transmitted to the SSM, gravity or gauge interactions. As a consequence, the fundamental scale of SUSY breaking in the two classes of models differs by a factor of order 10 4 -10 7 . As mentioned above, all known models of dynamical SUSY breaking possess R-axions. For VS models, these axions could be seen in laboratory experiments, or could affect stellar cooling rates and supernova dynamics. This problem was solved in [7] by the introduction of a second, slightly weaker, gauge interaction which explicitly breaks the R-symmetry via the anomaly.
For RHS models, the R-axion has a decay constant of just the right size to fit into the conventional invisible axion window [13] and could be used to solve the strong CP problem.
In the next section we explicitly construct an example of a model in which this possibility is realized. It requires the imposition of an anomalous U(1) R symmetry, as well as the absence of several terms which are not forbidden by any symmetry. Unfortunately, such a model seems to be incompatible with fine tuning the cosmological constant to zero. An alternative (and perhaps more plausible), scenario for the fate of the R-axion in RHS models, is that nonrenormalizable Planck scale couplings give the axion a mass greater than or equal to the weak scale and effectively eliminate its effects on both cosmology and the strong CP problem.
1 Technically, these are higher spin chiral algebras on the world sheet. The most well known of these is the left handed world sheet N=2 SUSY algebra of (2, 2) ground states. Squark masses will always be of the form
where F has dimensions of mass and is the scale of SUSY breaking in the hidden sector. In order to explain the gauge hierarchy, one must have F < ∼ M P × (1 TeV). The coefficients of dimension 3 operators, such as the gluino mass, for example, are of the form
The gluino mass must be of the same order in F /M 2 P as the squark mass, or else it is essentially massless at tree level. Thus a large gluino mass requires n = 0 in (2.1) and therefore arises from a dimension five operator,
where W α is the color superfield and Z is the agent of SUSY breaking. Consequently, Z must carry zero charge under any unbroken symmetry of the theory, although it may shift under an R-symmetry 3 .
2 We do not allow for the possibility of putting in weak scale supersymmetric dimension 3 terms such as the mu parameter by hand, but assume they must be generated by the same physics which breaks supersymmetry. 3 The only known models which escape this conclusion add extra chiral superfields to the visible sector, such as a color octet and some weak triplets, and require that hypercharge be unified into a nonabelian symmetry at a scale below 10 10 GeV [14] .
There is still no conclusive evidence for the necessity of tree-level dimension 3 operators in the SSM, since there may remain a small window for a light gluino whose mass is generated radiatively [15] . However, it should be noted that versions of the SSM without dimension 3 operators must contain gauge singlets in the low energy visible sector in order to break an effective R symmetry that would forbid radiative gluino masses and revive the old U (1) problem of a light η meson. Therefore any HS theory of dynamical SUSY breaking must contain a gauge singlet superfield. The phenomenological window for a light gluino is small and a light gluino should either be found or ruled out in the near future.
In this paper we will consider the consequences of HS models which contain a set of singlet chiral superfields z A in the hidden sector. First we examine NRHS models in which the z A singlet fields are coupled to a strongly coupled hidden sector with dynamical mass scale M R via nonrenormalizable interactions of the form
where O 4 are operators of dimension 4 in the strongly coupled theory. In the absence of these couplings, the strongly coupled theory is assumed to have a stable supersymmetric vacuum. If such operators exist at dimension 5, then the SUSY breaking scale in the visible sector will then be of order m 3/2 ∼ M 3 R /M 2 P -one power of 1/M P arising from the operator (2.3), and another from the gravitational communication of SUSY breaking to the visible sector. We will also assume that, like the dilaton and moduli superfields in string theory, these fields have no renormalizable couplings in the fundamental Planck scale Lagrangian. It is important to our analysis that the fields z A are always small (relative to M P ) at the minimum of their effective potential, which we will assume to violate SUSY.
Conventional field theoretic dimensional analysis depends on the assumption that the vacuum expectation values of fields are much smaller than the scale which characterizes irrelevant interactions.
The only extant examples of models which might belong to the class defined above, are the "racetrack" models of competitive gaugino condensation [8] . The models are derived from string theory and the origin of field space is taken to be a point which is natural from the string theoretic point of view. It is a distance of order M P from the minimum. The use of an effective Lagrangian over such a large expanse of field space is justified by an appeal to knowledge of the underlying short distance physics. Our analysis of these models would begin by reexpanding the effective Lagrangian around the minimum. We are not trying to establish the existence of a SUSY breaking minimum in a particular model, but rather to demonstrate some very general consequences of the existence of such a minimum.
We are now in a position to write down the effective Lagrangian for the scalar fields z A which results from integrating out the strongly interacting fields which get mass at the scale M R . Since the theory at M R does not violate SUSY, the effective theory below the scale M R has the conventional supergravity form with effective potential
where 5) and subscripts denote differentiation with respect to z A . By convention, we have chosen z A = 0 to be the minimum, and we expand the Lagrangian in a power series around the origin. We will choose a Kahler gauge for which all holomorphic polynomials in z have been shifted from the Kahler potential K into the superpotential W . The leading nontrivial term in the Kahler potential, is of order zz with dimensionless coefficients. By linear field redefinitions, we can always bring it to the form z A z A . The corrections to this canonical form may be written
The dimensionless coefficients in this expansion are functions of M R /M P which should approach finite numbers in the limit M R ≪ M P .
Similarly, the effective superpotential has an expansion:
The power of M 3 R in front of this term reflects our assumption that strong dynamics at the scale M R are responsible for generating this superpotential. The M P scaling of terms that depend on the fields reflects the fact that the singlets couple only through terms of the form (2.3). Again, we expect the dimensionless coefficients to be of order one. It is conceivable that some of them are much smaller than one. For example, our strongly coupled sector might have several scales, with different symmetries broken at different scales. If M R is the largest scale at which a superpotential is generated, the complications of the strongly coupled sector would show up as anomalously small dimensionless coefficients.
Another way to generate small coefficients is to assume that some of fields z A couple through operators of dimension higher than those in (2.3). This would make some of the coefficients positive powers of M R /M P . On the other hand, there is no natural way to make the dimensionless coefficients in this Lagrangian large. Indeed, the typical meaning of a large dimensionless coupling in an effective Lagrangian is that we have made an error in identifying the scale of high energy physics which is being ignored in the effective field theory. If the high energy scale is in fact lower than we had imagined, we naturally obtain large coefficients. In the present context, this means that the Lagrangian (2.3) is induced by physics below the Planck scale, in contradiction to our initial hypothesis.
R-symmetry and the cosmological constant
We now impose the constraint that our Lagrangian has a SUSY violating minimum at z A = 0, with zero cosmological constant. SUSY violation is ensured by the fact that ω A = 0. The constraint that the cosmological constant is zero is
Note that this is a cancellation between numbers that are a priori of order one. In a more general N = 1 supergravity theory, the cancellation of the cosmological constant implies that the value of the superpotential at the minimum be related to the SUSY breaking
A nonzero value for the superpotential breaks any R symmetry of the theory larger than Z 2 . A natural explanation for this general order of magnitude relation might be that the theory has an unbroken R symmetry (perhaps discrete), which is dynamically broken at a scale
(2.9)
NRHS models implement this explanation dynamically if we assume that the strongly coupled hidden sector at M R is the agent of R-symmetry breaking (as it is in models based on gaugino condensation). On the other hand, if there is an exact R-symmetry which survives to scales much below (2.9) , the cancellation of the cosmological constant is impossible.
This observation is intriguing, but may have limited relevance for SUSY model building. Although it rules out models with exact R symmetries below the scale (2.9), it does not prevent the appearance of accidental R symmetries (in particular, the accidental R symmetries which are the key to all known models of dynamical SUSY breaking in flat space).
So we obtain only the mildly restrictive new rule: R symmetries (other than R-parity) in low energy SUSY models must be accidental i.e. they must follow as a consequence of other exact symmetries plus renormalizability. We can expect them to be broken by nonrenormalizable terms scaled by M R (or perhaps M P ). It is also impossible to rule out models in which all R symmetries are broken at a scale higher than (2.9). For example, many tree level superstring vacua have unbroken SUSY and no R symmetries, and the cosmological constant vanishes despite this. This may be viewed as a superstring miracle [16] : the constant in the superpotential, which is not forbidden by any field theoretic symmetry of these vacuum states, vanishes "by accident". In these vacua, the relation (2.9) is violated, but the cosmological constant might well turn out to be zero.
NRHS models thus enjoy the distinction of being able to explain dynamically the relation (2.9), which, although it by no means solves the cosmological constant problem, makes the vanishing of the cosmological constant a little more natural. Unfortunately, as
we now explain, all NRHS models suffer from a cosmological problem which makes them unattractive candidates for models of the real world.
Light scalars: a cosmological problem
The condition that z A = 0 be a stationary point of our action can be written:
Note that the noncanonical term in the Kahler potential can be important in satisfying this condition. We now want to examine the quadratic terms in the expansion of the potential around the stationary point. This task is somewhat simplified by the observation that the prefactor in the potential can be set equal to one, because the term it multiplies is already of quadratic order in the z A (as a consequence of the conditions (2.10) and (2.8)). Note however that the quadratic terms do depend on the quartic terms K D ABC and K CD AB in the Kahler potential. Since these are as yet unconstrained, we are free to choose them in such a way that the origin is a stable minimum with no flat directions. Thus there are no a priori arguments against the existence of NRHS models. What we cannot do however is to arbitrarily choose the size of the mass terms for the z fields. Their masses are of order
. Some of these masses might be smaller, if the dimensionless coefficients in (2.6) or (2.7) are small for the reasons discussed above. However, for those singlets which give rise to SSM gaugino masses, there cannot be a symmetry which prevents all couplings of the form (2.3). These will generically have masses of order the SUSY breaking scale in the visible sector, which is generally assumed to be of order 100 GeV-1 TeV in order to eliminate fine tuning problems at the weak scale.
The cosmological consequences of scalar fields with mass m and gravitational strength interactions have been analyzed before [9, 12, 17, 18] , and we briefly review the results here. In the early universe, typical thermal values of the scalar field strength are far from the origin (which we take to be the low temperature minimum of the potential), and so there is a Bose condensate. Such a condensate cannot be eliminated by inflation [19, 20, 17] 4 . When the temperature cools below T ∼ √ mM P the spatially averaged value of the scalar field oscillates about the minimum, and so we have a gas of cold bosons.
Assuming that the inital expectation value of the field is of order M P , if m is greater than 10 −28 eV, these bosons contribute too much energy density to the mass of the universe to be consistent with standard cosmology, unless their lifetime τ is sufficiently short so that they decay before nucleosynthesis. However for bosons with gravitational strength interactions, τ must be greater than O(M 2 P /m 3 ), and once they have decayed the temperature T R of the universe is O( M P /τ ) < ∼ m 3 /M P . Standard nucleosynthesis requires that T R be larger than O(1) MeV, and so that the mass m be larger than O(3) × 10 4 GeV. Since, in the models of interest, both m and the weak scale are naturally less than or of order the gravitino mass, conventional nucleosynthesis requires a supersymmetry breaking scale which is uncomfortably large for a natural resolution of the gauge hierarchy problem.
Furthermore, the scalar decays generate a tremendous amount of entropy, which would dilute any initial baryon abundance to well below what is observed. Unless the decays also lead to baryon number production 5 , then we must demand that T R is sufficiently large for baryogenesis. For instance, in order to allow for baryogenesis during the weak 4 unless the Hubble constant during the inflationary period is smaller than the mass of the scalar field. However, with such late inflation it is not possible in a natural model to reheat after inflation to a temperature above m 3 /M P , which is below the temperature needed for nucleosynthesis if m < 1 TeV. 5 For example the scalar decays could proceed via baryon number and CP violating interactions.
phase transition [21] m and m 3/2 must be greater than O(10 8 )GeV. We conclude that the cosmological constraints on NRHS models make these theories much less attractive.
Exotica
In the above discussion we assumed both that the HS had a stable supersymmetric vacuum in the M P → ∞ limit, and that the z A fields had no renormalizable couplings.
We now briefly consider what happens if one relaxes those two conditions.
First we offer a toy example of a model in which gravitational effects could be responsible for supersymmetry breaking, but for which there is no stable vacuum as M P → ∞-the example is simply massless QCD, with fewer flavors than colors. In flat space, there is a dynamically generated superpotential of the form [2]
where i, j are flavor indices, a is a color index, Λ is the QCD scale and n c and n f are the number of colors and flavors respectively. This superpotential drives the squark vevs to infinity and the theory has no ground state. However if one naively includes the effects of supergravity by using the effective potential (2.4), assuming a Kahler potential of form (2.6), then one finds that the vevs could be stabilized at a value of order M P (where, however, an effective field theory analysis breaks down) and the supersymmetry breaking scale is then
(2.12)
Although because of the large field strengths there is no reliable way of computing whether or not gravitational effects actually stabilize this theory and break supersymmetry, one can see using dimensional analysis that even if this is the case, there will be a light scalar particle of mass M 2 S /M P ∼ m 3/2 , with gravitational strength couplings to other light fields. Because this theory has a spontaneously broken exact U(1) R symmetry, the R-axion is a massless Goldstone boson, with decay constant of order M P .
Next we consider models in which the z A fields have renormalizable couplings to other fields, and which might also produce a SUSY breaking scale vanishing as M P → ∞. The generic example is of the form
where R is some representation of the strongly coupled hidden sector gauge group, or of the visible sector gauge group. We assume this strongly coupled theory has a stable, supersymmetric vacuum to fit in the NRHS category of models. First consider the M P → ∞ limit. On intregrating out the strongly interacting fields R, the scale M R will generically which would give SUSY breaking at a scale M 3 R /M P . The resulting theory has a light particle, but it could receive a radiatively generated mass of order
rather than m 3/2 (which we have shown is generic in NRHS models), and it can have couplings which are suppressed by M R rather than M P . The origin of this relatively large contribution to the scalar masses is a noncanonical term in the Kahler potential of the form
induced by the strong interaction between the scalars and the hidden sector. We regard this class of models as somewhat special, since if we assume, in accord with all existing evidence, that nonperturbative effects generate any superpotential consistent with the symmetries of the model, then it is very hard to satisfy the condition italicized above. Indeed, we have so far been unable to find any SUSY breaking models in this class in which all mass scales below the Planck mass are generated dynamically, and which is natural in the sense that all terms consistent with the symmetries are included. Thus, although this class of NRHS models may evade our cosmological bound, it does not seem attractive. It is concievable that the class is in fact empty.
Implications for string theory
Brustein and Steinhardt have recently pointed out cosmological maladies of superstring inspired models even more severe than those we have discussed here [22] . These difficulties involve specific properties of the dilaton superfield and are a cosmological version of the Dine-Seiberg problem [23] . The constraints on NRHS models that we have discovered are much more general. They do not assume that the dilaton has anything to do with SUSY breaking, and apply equally well to NRHS models which have nothing to do with string theory.
Note that if, as suggested by our constraints, the mechanism which fixes the dilaton vacuum expectation value does not break SUSY, the Brustein-Steinhardt problem is more easily resolved 6 . For instance, the dynamics which stabilizes the vevs of the dilaton and other moduli could be strong at a scale not far below M P , leading to a large barrier between the desired ground state and the disastrous vacuum at infinite dilaton VEV. For instance if the moduli are stabilized by strong dynamics at a scale of ∼ 10 16 GeV, they could give rise to natural inflation at a scale which gives the desired primordial density fluctuations [25] , with subsequent reheating to 10 10 GeV. In any case, for the universe to be at least at a temperature of 1 MeV (as necessary for nucleosynthesis) after the moduli decay, they should be stabilized by dynamics above 10 14 GeV. Thus, there appears to be a general discrepancy between the scale of supersymmetry breaking required by phenomenology and the mass scale for moduli fields required to avoid the cosmological difficulties of light weakly coupled bosons. It appears that a consistent string theoretic description of nature requires nonperturbative dynamics at a scale higher than than of SUSY breaking, or the existence of string vacua without moduli.
Finally, let us add to our catalogue of mechanisms for dynamical SUSY breaking the still mysterious proposal of "stringy nonperturbative breaking" [26] Since SUSY breaking must occur well below the Planck scale, these effects must be encodable in a superpotential in a supersymmetric low energy effective lagrangian just above the SUSY breaking scale.
Since the physical states contributing to these effects all have masses of order the string scale [26] , we expect a contribution to the superpotential of the form
where z i are some chiral superfields, and M S is the string scale, which is only slightly smaller than the Planck mass. ǫ is the small parameter (∼ e
) which identifies this as a nonperturbative effect in string theory. This is essentially the same kind of potential that we analyzed above and it leads to the same kind of problems. Our ignorance of the nature (and even the existence) of stringy nonperturbative SUSY breaking is so great that we should take this argument with a grain of salt, but one should certainly worry that this hypothetical mechanism for SUSY breaking may encounter cosmological problems. 6 An alternative solution based on the ideas of chaotic inflation has been suggested by Shenker [24] .
RHS:
Hidden sector models which dynamically break SUSY in the flat space limit Having discussed NRHS models in which SUSY is restored in the M P → ∞ limit, we turn to RHS models where gravity serves only to communicate SUSY breaking. We find that while RHS models can easily evade the cosmological problems found for NRHS scenarios, it is difficult to give the visible gauginos a weak scale mass even with the introduction of gauge singlets. We do explicitly construct a model, where there is a hidden sector contribution to gaugino masses which is suppressed relative to the squark and slepton masses by a loop factor.
It has been known for some time that dynamical supersymmetry breaking is possible in a renormalizable field theory in flat space [3, 4] , and that it is difficult to incorporate this mechanism into a realistic model. An example of flat space dynamical supersymmetry breaking in the visible sector is given in [7] . The main problem with RHS models is that the gauginos in the visible sector get only a very small mass [4] . One alternative, with greatly expanded visible sector, is described in ref. [14] ; here we will assume that the visible sector has minimal field content. Another alternative is that the gauginos gain mass only from loops involving visible sector particles (and from electroweak symmetry breaking) [15] , in which case evidence for light gluinos (∼ 500 MeV) or charginos (∼ 50 GeV) could appear soon. If larger gaugino masses are required, then the hidden sector must contain a gauge singlet as discussed in section 2, with a coupling to the visible gauge fields as in eq. (2.2). This singlet must also couple to the hidden supersymmetry breaking sector with renormalizable couplings, since in order to give the gauginos a weak scale mass its F component must be of order the supersymmetry breaking scale squared. However existing models of flat space dynamical supersymmetry breaking only contain matter superfields in chiral representations of the gauge group, and so can couple to a gauge singlet only via terms of dimension five or more. Thus the simplest possible strategy, which is to take for the hidden sector a model of dynamical supersymmetry breaking with matter fields in purely chiral representations, leads to very light gauginos in the visible sector.
In order to give gauginos a larger mass, we need to find a model of flat space dynamical supersymmetry breaking in which some matter superfields are in real representations of the gauge group, so that they can couple to a gauge singlet via renormalizable interactions.
Such models are not impossible to find. An example was given in [7] , but this model has the drawback of having a supersymmetric minimum at infinity in field space, as well as a local supersymmetry breaking minimum. Here we will give an example of such a model which probably has a unique supersymmetry breaking ground state.
Many dynamical supersymmetry breaking models contain global symmetries, which we can weakly gauge without affecting the supersymmetry breaking dynamics. Our strategy is to take such a model, and to then add superfields in real representations of this new weak gauge symmetry, which can also couple to a the gauge singlet. For example, we can take SU(7) for the "supercolor" gauge group, whose dynamics are responsible for breaking supersymmetry, with matter superfields in the representation 21 ⊕ 3 7. It has been argued that this theory breaks supersymmetry and has a stable ground state [4] if there is a nonzero
, where a, b are SU (7) indices. An SU(2) global symmetry is preserved by this superpotential, which we weakly gauge, requiring that we add an odd number of SU(2) doublets to the theory to cancel the SU (2) anomaly. The minimal set of matter fields, which will allow us to couple a gauge singlet to the supersymmetry breaking sector via renormalizable interactions, transforms under SU (7)⊗SU (2) as
For a superpotential we take
where i, j are SU (2) indices. Unfortunately the ground state of this model is strongly coupled [4] , and we cannot reliably compute its features. However it is at least plausible that supersymmetry breaking induces a negative mass squared for the scalar components of the (1, 2) representations, and induces expectation values for them. We will also assume that nonsupersymmetric quartic terms are induced, which stablize the expectation values at finite values. Then the F term for the gauge singlet will be nonzero.
In order to communicate supersymmetry breaking to the gauginos in the visible sector, we add to the Lagrangian a term (2.2), where Z is now the gauge singlet field (1, 1).
Supergravitational interactions will induce masses for the scalar fields of the visible sector which are of order the gravitino mass. Since the F term for the singlet, which is responsible for the visible gaugino masses, is only induced at one loop by the weak SU(2) gauge coupling, the gaugino masses will be much smaller than the supersymmetry breaking scalar masses, by a factor of order α SU(2) /π. Therefore this model has rather light gauginos, although the hidden sector contribution to their mass is larger than the contribution arising from loops in the visible sector.
The hidden sector of this model has an exact nonanomalous U(1) R symmetry, which is spontaneously broken at the supersymmetry breaking scale, and hence has an R-axion.
It is possible to arrange the couplings to the visible sector such that the R symmetry is broken only by a color anomaly, and the R-axion is just the usual axion which solves the strong CP problem. Remarkably, a gravitino mass of order the weak scale results from a supersymmetry breaking scale of ∼ 10 11 GeV, which fits precisely into the allowed window for the invisible axion decay constant. The singlet field Z must have R charge zero, so that the coupling (2.2) is allowed, and we take the Higgs fields of the visible sector to also have R charge zero, which forbids a direct supersymmetric mass term. If we then take the Kahler potential to include terms
where the s n are generic hidden sector superfields, we will induce a small higgsino mass term (a "µ term") of order the gaugino mass, as well as a larger supersymmetry breaking mass term for the scalar components of the Higgs. Thus this model has several desirable features: all mass scales other than the Planck mass are generated dynamically, the "µ-problem" is solved by the mechanism of Guidice and Masiero [27] , and there is no strong CP problem. One still must worry about electric dipole moments which could be induced by CP violation in the terms in eq. (3.3), (in the minimal supersymmetric standard model the relative phase between these two terms corresponds to the phase which is usually called φ B , which induces quark and lepton dipole moments at one loop). However, these dipole moments are suppressed by the small size of the gaugino and higgsino mass terms relative to the squark and slepton masses, and can be within experimental bounds for phases of order one.
Unfortunately there are several troubling naturalness problems with any model of this type. For one thing the superpotential (3.2) is not the most general allowed by the symmetries. This is a general problem, as can be seen by the following argument. Because of the coupling (2.2), the singlet field cannot carry any non-zero charges except a shift symmetry Z → Z + i constant, and we also need the singlet to have a renormalizable coupling to the supersymmetry breaking sector, e.g.
where R and R are superfields coupled to the supersymmetry breaking sector. There is no symmetry which allows the couplings (2.2) and (3.4) which does not also allow a coupling RR, and so R and R, which are responsible for communicating supersymmetry breaking to the singlet, naturally would have mass of order M P , which would greatly suppress their ability to communicate supersymmetry breaking to the singlet. It is therefore necessary to invoke "supernaturalness", i.e. the fact that in supersymmetric theories it is technically natural to omit arbitrary terms from the superpotential which are allowed by all symmetries of a theory, and this does not destroy the renormalizability of the theory. For instance, such missing terms often arise in string theories. Still, we find it unsatisfying to have to rely on unknown Planck scale physics to explain the absence of undesirable terms. An even worse feature of this model is that the R symmetry which solves the strong CP problem is imposed by hand, and is not an accidental consequence of other symmetries of the theory.
In the previous section we argued that we cannot require any R symmetries (other than accidental ones) to be unbroken below a scale M R ∼ M P , or it will be impossible to tune the cosmological constant to zero. Of course, since one has to rely on supernaturalness anyway to suppress unwanted terms, one need not invoke any R symmetry, but then there is no reason not to expect the axion to gain mass from Planck scale physics of order M n+1 S /M n P , i.e. the weak scale for n = 1. Unless n is larger than 6, such an axion will play no role in solving the strong CP problem although it always either decays quickly enough or contributes a small enough mass density to the universe to escape all cosmological problems.
In summary, dynamical supersymmetry breaking in flat space is a viable option for hidden sector models, although one which will typically lead to light gauginos in the visible sector. The simplest possibility is that the hidden sector model has purely chiral matter field content, and so visible gaugino masses only arise from loops in the visible sector and are very small (e.g. ∼ 500 MeV for the gluino). Somewhat larger gaugino masses are possible if one complicates the hidden sector to allow for a gauge singlet which has renormalizable couplings with the supersymmetry breaking sector. Any such model requires the omission of some terms in the effective Lagrangian which are not forbidden by any symmetry. In explicit models which we have constructed, the gaugino masses are still suppressed relative to the scalar masses by a weak hidden sector gauge coupling.
Such models generically contain an R-axion with a decay constant equal to the SUSY breaking scale-this could be identified with the invisible axion, and in general presents no cosmological problems.
Summary
There are many possible scenarios for solving the gauge hierarchy problem via dynamical supersymmetry breaking. Here we have shown that models in which Planck scale effects give rise to dynamical supersymmetry breaking typically contain light (less than 1 TeV) scalars with gravitational strength couplings. For instance all string inspired models, where supersymmetry breaking is driven by the same dynamics which stabilizes the moduli, have such light, weakly coupled states. These are difficult to fit into an acceptable cosmological scenario even when inflation is taken into account. More promising are models in which supersymmetry is dynamically broken in flat space. Hidden sector models with flatspace supersymmetry breaking typically produce very small masses for the visible gauginos. Increasing the gaugino masses in such models requires either a greatly expanded visible sector, or the introduction of a singlet in the invisible sector with renormalizable couplings and the omission of some terms which are not forbidden by any symmetry.
Furthermore the gaugino masses are still suppressed compared with squark and slepton masses. Thus in all known viable hidden sector models, the gauginos could be discovered soon. Models in which supersymmetry is broken dynamically in the visible sector can be constructed which have no difficulties in producing weak scale gaugino masses, which explain the absence of flavor changing neutral currents in a simple way, and which present no phenomenological or cosmological difficulties. We conclude that the latter class of models deserves further study.
